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absthact 


The  structurej  bloelieinlatry>  and  j^toeynthettc  function  of  tlw  qplnoeh 
chlorqpUst  Is  being  inrestigated  to  gain  sufHelent  knowledge  to  penult  a  sinillar 
actiTe  system  to  be  syntheolMd  by  man. 

Chloroplaats  were  isolated  and  fragmented,  nelatlvely  narrow-range 
siae  groupings  of  the  fragments  were  obtained  by  differential  eentrifngikloa. 
These  fractions  were  assayed  physlologleally  and  chemical^.  Meirtnial  func¬ 
tional  activity^  in  terms  of  electrons  tnmsferred  or  oxygon  evolved  under  11- 
luminatimi,  was  found  in  particles  sedimenting  between  St  x  10^  g  and  tO  x 
10*  g.  Various  anhm  eoneentrationa  were  tested.  Aa  attempt  to  obtain  photo- 
activity  from  a  dried  ehloroplast  layer  —  a  first  approximation  of  aa  artlflelal 
system  —  was  only  partially  sncoessful. 

The  studies  indicate  that  activity  in  the  fractions  varies,  probably  re¬ 
flecting  altered  structural  or  chemical  conmositlon.  Differences  in  protein 
nitrogen  concentratlcm  and  chlorophyll:protein  ratios  are  evidence  of  chemieal 
changes.  Results  are  disenosed  in  relation  to  proposed  aeodsls  fur  toe  Sne 
structure  of  the  ehtoroplast  and  toe  hnsle  photoeynihstie  unit. 
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APPUBD  RESEARCH  CONCERNING  ARTIFICIAL  PHOTOSYNTHESIS 


I.  INTRODUCTION 

The  advent  of  the  space  age  has  stimulated  investigations  of  various 
life -supporting  systems  which  are  mandatory  for  manned  space  fli|^ts.  Space- 
weight  relationsUps  in  manned  spacecraft  become  especially  significant  with 
anticipated  longer  missions  and  larger  crews.  Presently  employed  chemical 
gas -exchange  systems  for  carbon  dioxide  and  oxygen  turnover  introduce  seri¬ 
ous  problems  of  weight  and  space  consumption.  These  problems  mi|fht  be  over¬ 
come  by  the  use  of  algal  systems.  However,  the  use  of  photosyntittatic  algae  in 
a  closed  ecosystem  is  frau|^t  with  complicafions.  The  system  is  generally  ef¬ 
ficient  only  in  relatively  dilute  solution.  Bacterial  contamination  mi|^  disri^ 
the  balance  of  or  even  destroy  the  system  comfdetely.  Undesirable  genetic 
changes,  autointoxication,  and  engineering  problems  such  as  lig^iting,  frothing, 
and  positive  fidgmotaxis  of  the  algae  present  difflculties  for  the  practical  ap¬ 
plication  of  a  cyclic  ecosystem.  ^ 

An  artificial  photosynthetic  unit  would  not  be  subject  to  such  problems. 
This  is  not  to  say  that  it  would  be  inherently  faultless ,  but  rather  fiaat  the  ob¬ 
stacles  are  different.  Such  a  synthetic  system ,  if  developed ,  could  conceivably 
perform  any  or  all  of  the  activifies  of  the  photosynthetic  system. 

The  ultimate  aim  of  this  program  is  to  provide  sufficient  basic  knowledge 
about  the  photosynthetic  system  to  permit  design  and  construction  of  an  artificial 
reactor  unit  capable  of  simulating  the  process  of  photosynthesis,  especially  the 
gas -exchange  cycle.  Toward  this  end  the  chemistry,  structure,  and  foactloa  of 
the  {dant  fdiotosyathetic  organelle,  the  chloroplast,  and  its  component  parts  are 
being  studied. 

There  is  a  large  volume  of  information  in  the  literature  concerning  the 
biochemistry  of  photosynthesis  and  the  structure  of  chloroplasts.  Increasing 
numbers  of  studies  in  tiie  biophysics  and  the  energetics  of  the  photoreaction  are 
appearing.  However ,  a  basic  structural-function^  unit  of  photosynthesis  has 
not  been  clearly  defined.  An  optimal  functional  unit  may  require  the  combined 
or  cooperative  organisation  of  a  number  of  smaller  units.  The  sise  of  the  opti¬ 
mal  unit  might  also  depend  upon  the  specific  part  of  the  photosynthetic  cycle 
being  studied.  Thus  thq  optimal  unit  for  photophosphorylation  could  be  Affer¬ 
ent  from  that  for  the  Hill  reaction.  The  Hill  reaction  is  defined  as  the  lij^t- 
induced  transfer  of  electrons  or  evolution  of  oxygen  in  the  presence  of  an  added 
hydrogen  acceptor.  Only  by  knowing  the  chemical  composition  aad  the  structural 
organisation  of  the  functionid  units  can  a  synthetic  system  be  constructed. 


Kupke  and  French^^  point  out  that  attempts  to  prepare  artificial  photo - 
synthetic  systems  have  a  relatively  long  history,  dating  from  the  investi¬ 
gations  of  Eisler  and  Portheiin  in  1922.  16  The  most  recent  note 

are  those  of  Rodrigo, 33  Sapoahnikov  and  Maslova, 35  and  Vishniac.  All  of 
these  workers  have  recomMned  a  protein  with  an  organic  solvent  extract  of 
chloro|diyll  subsequently  obtained  a  Ifill  reaction.  This  approach  has  had 
limited  success  but  shows  some  promise.  The  experimental  design  in  all  cases 
has  been  an  emfdrical  one.  Certainly  the  chance  for  successfully  building  an 
artificial  photosynthetic  structure  should  be  greater  if  the  nature  of  the  building 
blocks  and  the  blueprint  for  organizing  them  are  first  understood. 

The  approach  used  in  this  program,  based  to  some  extent  upon  the 
partial  success  of  a  similar  attack  upon  mitochondria,  is  to  isolate  chloroplasts 
and  fragment  them.  Successively  smaller  {diysical  mdts  are  selected  by  differ¬ 
ential  centrifugation  and  then  assayed  for  photoactivity.  This  study  has  led  to 
the  functional  definition  of  particle  size  groups  acconling  to  maxing  and  mini¬ 
mal  activity.  These  groups  are  being  studied  for  structural  and  chemical  dif¬ 
ferences  which  mi|^t  be  correlated  with  activity.  The  composition  and  the 
molecular  organization  of  the  particles  will  also  be  investigated.  Eventually, 
the  accumulated  factual  information  about  idiotosynthesis  can  be  applied  to  the 
problem  of  building  a  functional  man-made  facsimile  of  a  gas-exchioige  system. 
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n.  PREPARATION  OF  MATERIALS 


The  leaves  of  common  spinach,  Splnacia  oleracea,  served  as  the 
source  of  chloroplasts.  Spinach  was  purchased  as  needed.  The  choice 
of  spinach  as  the  chloroplast  source  was  based  chiefly  on  three  reasons: 

( 1)  many  photosynthetic  studies  reported  in  the  literature  have  employed 
this  material,  (2)  it  is  readily  available,  and  (3)  chloroplasts  can  be  iso¬ 
lated  from  sjdnach  with  relative  ease. 

Before  a  preparative  procedure  for  obtaining  the  desired  experi¬ 
mental  samples  was  selected,  a  number  of  variables  which  could  affect 
the  final  results  were  explored.  These  variables  were  conditions  and 
duration  of  leaf  storage,  methods  of  cell  rupture,  solution  composition, 
osmotic  pressure ,  and  conditions  of  chloroplast  isolation  and  storage. 

The  pertinent  information  which  bears  directly  upon  the  reproducibility 
of  results  is  included  in  Section  IVA- 1. 

The  procedure,  which  was  developed,  is  schematized  in  Fig.  1 
and  is  summarized  below.  Leaves  were  cut  from  the  main  portion  of  the 
spinach  plant  and  washed  for  several  hours  in  cold  running  tap  water  in  a 
darkened  room.  The  leaves  were  lightly  blotted  and  stor^  in  plastic  bags 
in  a  refrigerator.  Generally  the  leaves  were  used  the  following  day,  but 
in  some  cases  as  many  as  five  or  six  days  elapsed.  In  some  cases ,  no 
significant  difference  in  photoactivity  was  detected  when  leave'!  were  stored 
up  to  2  weeks. 

All  subsequent  operations  were  performed  under  dim  green  light  in 
an  ice  bath  or  in  a  semidarkened  cold  room  at  4*C.  Spinach  leaves  were 
deribbed  and  blotted  on  paper  toweling.  Batches  weighing  75  to  80  gms  were 
minced,  two  to  four  batches  being  used  per  experiment.  The  minced  leaf  tis¬ 
sue  was  homogenized  for  two  15-sec  intervals  at  top  speed  in  a  Waring  blender 
in  a  volume  of  sucrose  buffer  equivalent  to  twice  the  tissue  wei|^t.  The  su¬ 
crose  buffer  contained  0. 4  M  sucrose,  0.  05  M  phosfduite,  and  0.  01  M  sodium 
chloride,  pH  6.  8.  The  homogenate  was  filtered  throu{^  eight  layers  of  cheese¬ 
cloth  and  centrifuged  for  5  noin  at  200  x  g  to  remove  cellular  debris. 

Chloroplasts  were  spun  from  the  supernatant  at  600  x  g  for  12  min  in 
a  refrigerated  centrifuge.  The  sedimented  chloro^asts  were  resuspended  in 
the  sucrose  buffer  and  again  centrifuged  in  order  to  wash  out  the  majority  of 
remaining  smaller  cytoplasmic  particles.  Leech  and  Ellls27  used  transaminase 
activity,  which  they  associate  with  mitochondria,  as  a  measure  of  the  purity  of 
a  chloroplast  preparation.  They  showed  fiiat  one  or  two  washings  of  a  crude 
chloroplast  suspension  resulted  in  a  low  transaminase  activity,  indicating  that 
naost  of  the  mitochondria  which  had  been  coprecipitated  were  removed. 

We  used  a  once-washed,  intact  chloroplast  suspension  (WCI)  as  the 
starting  material  for  subsequent  fragmentation  and  fractionation.  The  relative 
purity  of  the  chloroplast  suspension  was  determined  by  microscopical  obser¬ 
vation.  Figures  2  and  3  are  representative  fields  of  the  filtered  homogenate 
and  the  WCI  fraction,  respectively. 
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Deribbed,  minced  spinach  leaves 


Suspend  in  0.4  M  sucrose  buffer, 
pH  6.  8;  homogenize  for  two  15-sec 
intervals  in  Waring  blender;  filter 
through  cheesecloth 


Filtrate 


Residue 


Chloroplast  fragments  (CF) 


Centrifuge  differentially,  as  required  for  experiment. 


Figure  1 

FLOW  DIAGRAM  FOR  ISOLATING  CHLOROPLASTS 
AND  CHLOROPLAST  FRAGMENTS 
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Figure  2 


HOMOGENATE. 
400  X 


400  X  b  -  1000  X 

Figure  3 

WASHED  CHLOROPLA8TS 
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WCI  waa  reauapendad  in  hypotonic  aaline  (0.  015  M  aodium  chloride) 
to  a  chlorophyll  concentration  of  0.  08  to  0.  2  mg /ml  and  aubjected  to  ultra- 
aonication  in  a  Raytheon  9-kc  50-watt  magnetoatrictor.  The  fluid  volume 
uaed  in  a  aingle  aonication  ranged  from  30  to  42  ml  in  varioua  experimenta. 
The  vibration  regimen  found  to  be  moat  auitable  waa  two  3-min  perioda  at 
flie  higheat  poaaible  output  with  a  1-  to  4-min  reat  period  between  treatmenta. 
The  reat  period  waa  required  to  cool  the  auapenaion  and  maintain  it  between 
8  and  12*C. 

Chloroplaat  fragmenta  (CF)  are  deaignated  by  a  aubacript  which  indi- 
catea  the  treatment  or  the  centrifugal  force  field  under  which  they  were  aedi- 
mented.  Thua,  CFgg  refera  to  the  oamotically  ahocked,  ultraao^cated  frag¬ 
menta,  and  CFq.i  ia  the  aediment  obtained  by  centrifuging  between  0  and  1  x 
10^  g.  After  ultraaonication ,  the  fragment  mixture  (CFog)  waa  centrifuged 
at  1  X  103  g  for  10  min  to  remove  intact  chloropdaata ,  large  fragmenta ,  and 
agglomeratea  (CFq.  j).  The  aupernatant  waa  then  differentially  centrifuged, 
depending  upon  the  experimental  requirementa ,  in  the  Spinco  model  L>  pre¬ 
parative  ultracentrifuge  under  refrigeration.  For  forcea  up  to  105  x  103  g, 
the  number  30  rotor  waa  uaed;  for  forcea  up  to  145  x  10^  g  the  number  40 
rotor  waa  uaed;  and  to  reach  forcea  up  to  173  x  10^  g  the  SW39L  rotor  waa 
uaed. 
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m.  ASSAY  METHODS 


A.  Chlorophyll 

Chlorophyll  concentration  was  measured  by  the  method  of  Arnon,^ 
based  on  the  specific  absorption  coefficients  of  chlorophylls  a  and  b  in  80% 
acetone  as  determined  by  MacKinney.  ~  — 

B.  Total  Nitrogen 

The  procedure  adopted  for  the  measurexMnt  of  nitrogen  is  a  modi¬ 
fication  of  the  method  of  Willits ,  Coe ,  and  Ogg.  From  2.  0  to  8.  0  ml  of 
sample  containing  2.  0  mgms  of  protein  is  digested  for  4  hr  in  ndcro- 
Kjeldahl  flasks.  In  addition  to  the  sample,  each  flask  contains  1.  30  gms 
of  potassium  sulfate,  0.  04  gm  of  mercuric  oxide,  and  2.  0  ml  of  36  N  sul¬ 
furic  acid.  The  digested  sample  is  dissolved  in  8  to  10  ml  of  distilled  wa¬ 
ter,  and  the  digestion  flask  is  attached  directly  to  an  all-glass  micro- 
Kjeldahl  distillation  unit.  Distillation  is  started  after  the  adiUtion  of  8.  5 
ml  of  50%  sodium  hydroxide  containing  5%  sodium  thiosulfate.  A  quantity 
of  20  to  25  ml  of  ammonium  hydroxide  distillate  is  collected  in  5.  0  ml  of 
4%  boric  acid  containing  4  drops  of  a  mixed  indicator  (0.  2%  bromcresol 
green;0.  2%  methyl  red,  5:1  by  volume).  Then  30  ml  of  distilled  water  is 
added  to  the  distillate,  which  is  titrated  to  a  color  end  point  witili  0.  01  N 
hydrochloric  acid.  The  volume  of  hydrochloric  acid  used  is  related  to 
nitrogen  concentration. 

C.  Protein  Nitrogen 

Protein  nitrogen  is  determined  by  mixing  4  vol.  of  sample  with  1 
vol.  of  50%  trichloracetic  acid  for  30  min  at  5^.  The  mixture  is  centri¬ 
fuged  at  2000  rpm  for  15  min  in  an  International  PR- 2  centrifuge,  and  the 
supernatant,  which  contains  less  than  5%  of  the  total  nitrogen,  is  decanted. 
The  residue  is  briefly  washed  with  12  ml  of  distilled  water  and  centrifuged. 
The  final  residue  is  solubilised  in  sufficient  1  N  potassium  hydroxide  to 
make  the  sample  up  to  its  original  volume.  The  solution  is  stored  at  room 
temperature  \intil  it  is  assayed  by  the  procedure  for  determining  total  nitro¬ 
gen. 


Chlorophyll -containing  complexes  can  be  recovered  in  the  washed 
trichloracetic  acid  residue  along  with  the  protein  constituents.  About  6.  23% 
nitrogen  is  present  in  chlorophyll,  so  that  a  calculation  of  the  amount  of  pro¬ 
tein  nitrogen  present  requires  subtraction  of  the  chlorophyll  nitrogen  from 
the  total  nitrogen  in  the  residue.  Chiorophyllrprotein  nitrogen  rafios  were 
calculated  in  &s  manner. 
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D.  Electron  Transfer 


Electron  transfer  was  measured  according  to  the  procedure  of  Jagen- 
dorf  and  Krogmann.  23  ijfhole  chloroplasts  or  chloroplast  fragments  which 
were  resuspended  in  a  given  medium  were  assayed  in  their  respective  medi> 
um  buffered  at  pH  6.  8  with  0.  05  M  phosphate.  Thus ,  chloroplast  fragments 
which  had  been  isolated  in  0.  015  N  sodium  chloride  were  assayed  in  buffered 
saline  of  the  same  concentration.  Fractions  for  assay  were  added  to  the  re¬ 
action  mixture  so  that  a  total  of  0.  025  to  0.  030  mgm  of  chlorophyll  was  pre¬ 
sent.  The  initial  concentration  of  potassium  ferricyanide ,  the  oxidant,  was 
3  X  10*'  M.  This  level  of  oxidant  allows  tiie  reaction  to  proceed  so  tiiat  tlie 
reaction  rate  is  neither  dependent  on  the  oxidant  concentration  nor  limited 
by  the  reduction  step.  39  The  resulting  oxidant: chlorophyll  ratio  on  a  molar 
basis  was  thus  about  30:1. 

The  entire  procedure  was  carried  out  under  subdued  green  light ,  ex¬ 
cept  for  a  1-min  D^te-light  illumination  period  at  800  ft-candles  in  a  15*C 
water  bath.  Spectrophotometric  readings  were  made  at  510  mp  5  min  after 
o-phenanthroline  was  added  to  produce  a  color  complex  with  free  ferrous  ions. 
Control  reaction  mixtures  were  not  illuminated.  All  assays  were  run  in  dupli¬ 
cate.  The  standard  curve  used  for  calculation  of  micromoles  of  electrons 
transferred  is  based  upon  potassium  ferrocyanide  and  ferrous  sulfate  stand¬ 
ards  as  shown  in  Fig.  4. 

E.  Oxygen 

Oxygen  evolution  was  measured  manometrically  in  a  Warburg-type  il¬ 
luminated  respirometer  with  single-  or  double -sidearm  flasks.  The  reaction 
was  run  at  15  *€,  120  shakes  per  minute,  and  800  ft-candles  light  intensity. 
Each  flask  contained  a  sample  equivalent  to  at  least  0.  15  mg  of  chlorophyll. 

The  oxidant,  potassium  ferricyanide,  was  added  in  excess  so  that  the  reaction 
would  be  independent  of  the  nature  and  the  concentration  of  oxidant.  39  The 
final  concentration  of  oxidant  was  adjusted  to  1.  5  to  2.  0  x  10'*3  giving  a 
molar  ratio  of  ^  30:1  oxidant  to  chlorophyll.  The  total  reaction  volume  was 
made  up  to  3.  0  ml  with  a  butter  solution  of  0.  0*5  M  sodium  chloride  and 
0.  05  hf  phosphate ,  pH  6.  8.  Both  the  center  well  and  one  sidearm  contained 
0. 4  ml  of  Warburg  No.  9  butter  mixture  in  order  to  maintain  a  constant  par¬ 
tial  pressure  of  carbon  dioxide. 

Prior  to  an  experiments^  run,  all  the  flasks  were  flushed  for  15  min 
with  oil-pumped  nitrogen  while  shaking.  After  the  gassing  period,  the  stop¬ 
cock  and  the  sidearm  were  closed  and  the  flasks  were  shsiken  for  an  additional 
15  min  before  the  oxidsmt  was  added  from  the  sidearm.  The  flasks  were  then 
further  equilibrated  for  5  min,  a  sero  reading  was  made,  and  the  lights  were 
turned  on.  Readings  were  taken  every  3  min  without  cessation  of  shsddng. 

The  reaction  was  carried  out  for  as  long  as  24  min,  but  after  15  to  18  min  the 
rate  of  oxygen  liberation  generally  decreased.  Csdculations  for  the  rate  of 
oxygen  liberation  were  corrected  for  changes  in  the  thermobarometer  and  the 
respective  dark  controls ,  and  were  based  upon  the  rate  of  the  reaction  between 
the  6-  and  18-min  readings. 
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Thaoretical  oxygen  yield*  were  calcolated  from  the  stoichiometry  of 
the  electrochemical  equation: 

4K3re(CN)^  +  4K*  +  2H2O - ^  4K^ro(CN)^  +  4H‘*'  + 

Since  4  ^moles  of  electron*  are  transferred  per  iimole  of  oxygen  and  there 
are  22. 4  pi  of  oxygen  per  pmole  at  tandard  temperature  and  presaure ,  theo¬ 
retically  5.  6  pi  of  oxygen  should  be  liberated  from  each  pmole  of  electrons 
transferred. 

F.  Plastoquinone 

Methods  for  extraction  of  plastoquinone  from  chloroplast  material  have 
been  based  mainly  on  the  work  of  Crane  et  al.  In  preUminary  experiments 

"wet"  chloroplast  fractions  were  extracted  with  isooctane.  Crude  extracts  in  a 
1:1  ethanol -isooctane  mixture  were  assayed  directly  by  spectroplwlometry,  or 
were  bulk- fractionated  on  Decalso,  dried,  dissolved  in  ethanol,  and  Aon  assayed 
spectrophotometrically.  The  concentration  of  plastoquinone  in  each  fraction  was 
calculated  from  the  equation: 

^®Vcm,254  ■  ^®254  "  ^®275^ 

where 


AE  is  the  oxidized -reduced  change  of  the  spectrophotometrically  mea¬ 
sured  extinction  value  at  the  wavelength  indicated  in  the  subscript; 

1cm  254  plastoquinone  at  it*  oxidised  peak  of  254  mp; 

0. 46  i*  a  constant  to  correct  for  the  presence  of  coensyme  Q^q> 

In  other  exfdoratory  experiments ,  isooctane-extracted  chloroplasts  were 
lyopUlised  and  assayed  for  photoactivity  before  and  after  the  ethanol  solubles  in 
the  extract  were  added  to  reconstitute  the  system. 

o  14  28 

In  the  light  of  recently  reported  information,  '  *  the  extraction  technique 

will  necessarily  be  modified  in  future  studies.  Isooctane  is  no  longer  considered 
the  solvent  of  choice,  nor  is  extraction  from  completely  dry  material  desirable; 
some  water  is  required  for  maximum  efiiciency. 

G.  Cytochrome 

Chloroplasts  were  extracted  with  2%  digitonin  at  room  temperature  for 
several  hours  according  to  the  procedure  of  Gross  and  Wolken.  The  digitonin- 
extracted  pigment- protein  complex  was  then  fractionated  with  acetone  and  am¬ 
monium  sulfate  over  a  period  of  several  day*.  The  precipitate  from  the  0.45  to 
0. 90  saturated  ammonium  sulfate  fractionafion  was  dialysed  and  concentrated  by 
lyophilisation.  The  concentrated  material  was  taken  up  in  dilute  phosphate  buffer , 
pH  7. 0,  and  examined  spectroidiotometrically  for  the  presence  of  cyto^rome  in 
the  oxi^sed  and  reduced  states. 
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IV.  EXPERIMENTAL  RESULTS  AND  mSCUWION 


A.  PreliniiBary  Studies 

Pilot  studies  were  conducted  to  ascertain  the  critical  variables  and 
the  basic  parameters  which  might  atfect  the  course  of  the  investlgatioa. 

1.  Leaf  Storage 

Washed ,  deribbed  spinach  leaves  were  stored  either  whole  or  chopped 
at  -40  and  44  *C  for  3-1/2  weeks.  Periodically,  aliquots  of  leaves  were 
taken  from  each  set  of  conditions,  chloroplasts  were  isolated  in  0.  35  M  sa¬ 
line,^  and  oxygen  evolution  and  electron  transfer  activity  were  assayed. 

Isolated  chloroplasts  from  whole  spinach  leaves  stored  at  4  *C  retained 
most  of  their  original  photoactivity  for  as  long  as  2  weeks.  Decay  of  activity 
was  hastened  by  mincing  and  by  low  temperatures.  Prom  these  results,  the 
storage  methods  described  in  Section  n  were  determined. 

2.  Homogeni aation 

Various  methods  have  been  reported  for  breaking  leaf  tissue  in  order 
to  isolate  chloroplasts.  Grinding  in  cold  sand  with  a  mortar  and  pestle  and 
homogeni sation  in  a  Waring  blender  were  both  tried.  The  latter  method  was 
selected.  The  choice  was  based  on  microscopical  observations  of  the  chloro- 
idast  preparations  (Fig.  2  and  3)  and  on  the  large  quantity  of  tissue  that  could 
be  handled  by  this  procedure. 

3.  Fragmentation 

The  procedure  for  fragmentation  of  chloroplasts  was  designed  to  ob¬ 
tain  sufficient  quantities  of  material  in  the  difierentially  centrifuged  fractions 
for  physiologic^  and  chemical  measurements.  Several  techniques  were  tried. 
The  efficiency  of  each  method  was  determined  by  assaying  for  chlorophyll  and 
photoactivity  in  each  fraction. 

No  special  effort  was  made  to  keep  the  suspensions  anaerobic  even 
though  Thomas  et  al.  reported  activity  loss  in  aerobically  maintained  chloro- 
plast  fragments.  41  There  was  no  appreciable  loss  of  activity  in  our  experi¬ 
ments. 


When  chloroplasts  were  resuspended  in  a  hypotonic  solution  to  cause 
fragmentation  by  osmotic  shock,  98%  of  the  chlorophyll  and  activity  was  found 
in  ^e  fraction  sedimenting  at  1  x  103  g,  indicating  that  little  brealmge  had  oc¬ 
curred.  Various  methods  of  mechanical  rupture  were  then  applied.  The  chloro¬ 
plasts  were  ground  with  cold  sand  by  using  a  mortar  and  pestle,  homogenised 
in  the  Virtis  "45"  Onmimixer,  or  disintegrated  in  an  ultrasonic  vibrator.  Ultra- 
sonication  for  two  3-min  intervals  was  found  to  be  the  most  eMcient  means  of 
fragmenting  chloroplasts ,  and  this  procedxire  was  routinely  employed  thereafter. 
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As  shoim  in  TaUs  1 ,  the  chlorophyll  distribution  obtained  in  this  way  was 
such  that  a  sufficient  amount  for  chlorophyll  assay  was  present  eren  in  Him 
extremely  small  particles  sedimented  at  173  x  10^  g  and  physiological  as¬ 
says  could  be  performed  on  the  145  x  10^  g  precipitate. 

4.  Media  for  Storage ,  Fragmentation,  and  Assay 

Different  investigators  have  em^oyed  a  variety  of  isolation  and  frag¬ 
mentation  media  for  obtaining  physiolo^cally  active  chloroplastic  mate  ial; 
the  mediods  are  listed  in  TaUe  2.  The  concern  of  tide  program  witii  struc¬ 
ture-function  relationships  of  isolated  fragments  of  chloroplasts  necessitated 
an  evaluation  of  the  media  and  conditions. 

To  attain  a  desirable  distribution  pattern,  ultrasonic  fragmentation 
was  found  to  be  more  efficient  in  a  hypotonic  solution  (0.  015  M  saline)  than 
in  an  isotonic  solution  (0.  4  M  sucrose  buffer).  In  the  hypotonic  buffer 
chlorophyll  was  distributed  more  uniformly  throughout  ffie  isolated  frac¬ 
tions  and  electron  transfer  capacity  was  greater ,  as  indicated  in  Tables  1 
and  3.  Isolation,  fragmentation,  and  assay  media  were  kept  constant  for 
each  fraction.  The  one  exception  was  for  the  intact  chloroplasts ,  which 
were  isolated  and  stored  in  isotonic  solution  and  assayed  in  boffi  isotoslc 
and  hypotonic  solutions.  The  short  eiqwsttre  to  osmotic  shock  in  the  hypo¬ 
tonic  solution  during  the  assay  apparently  had  no  effect  on  activity.  For 
the  otiier  fractions ,  hig^r  activity  was  belted  under  hypotonic  ttan  under 
isotonic  conditions. 

5.  Differential  Centrifugation 

After  tile  chloroplasts  were  fragmented  by  ultrasonicating  the  osmot- 
ically  shocked  suspension ,  fractions  were  obtained  by  differential  centrifu¬ 
gation  in  the  Spinco  model  L  preparative  ultracentrifuge.  Bach  sediment  was 
suspended  in  0. 015  M  saline  to  a  measured  chlorophyll  content  of  about  0.  3 
mgm/ml  for  the  assay  of  photoactivity  by  electron  transfer  and/or  oxygen  lib¬ 
eration.  In  some  experiments  aliquots  were  taken  for  protein  determinations . 

A  number  of  fractions  from  the  same  spinach  batch  were  collected  and  assayed 
at  the  time  of  isolation  of  the  fraction,  after  the  last  fraction  was  obtained,  and 
again  on  tiie  following  day.  In  this  way,  any  error  introduced  by  a  change  in 
activity  due  to  the  tinae  required  to  obtidn  all  fractions  was  accounted  for.  Fur¬ 
thermore,  the  possibility  of  fractionating  on  one  day  and  assaying  the  following 
day  was  also  evaluated.  The  centrifugal  data  and  tte  particle  sises  in  each 
fraction  (estimated  from  the  sedimentation  data)  are  presented  in  Table  1.  The 
chlorophyll  distribution  in  relation  to  particle  sises  in  the  centrifuged  fractions 
is  also  shown. 
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Table  1 


Table  2 


PROCEDURES  FOR  ISOLATING  WHOLE  CHLOROPLASTS  AND  FRAGMENTS 


Reference 

Assay 

Whole  Chloroplasts 
Osmotic 

Isolating  Pressure , 
Medium  atm. 

Chloroplast  Fragments 
Osmotic 
Isolating  Pressure 

Medium  atm. 

Spikes 

Hill  reaction 

0.  50  M 
sucrose 

11.5 

Spikes^® 

Hill  reaction 

0.  50  M 
sucrose 

11.5 

Spikes^® 

Hill  reaction 

0.  17  M 
sucrose^ 

2.8 

40 

Thomas 

Electron 

microscopy 

0. 15  M 
phosidiate 

6.7 

0.  30  M 
sucrose 

6.9 

Thomas^  ^ 

Hill  reaction 

Water 

1. 0-1.5 

Arnoa® 

Photosynthetic 

phosphorylation 

0.35  M 
sodium 
chloride 

14.7 

Water 

1.0-1.5 

Jageadorf^^ 

Photosynthetic 

phosphorylation 

0.40  M 
sucrose 

9.2 

0.01  M 
potassium 
chloride 
buffer 

1.0-1.5 

Saa  Pietro®^ 

Photosynthetic 

phosfdiorylation 

0.40  M 
sucrose 

9.2 

^For  aaeay. 
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Table  3 


PHOTOACTIVITY  OF  CHLOROPLASTS  AND  FRAGMENTS  IN  SOLUTIONS 

OF  DIFFERENT  TONIOTY 


Activity 

,  umoles  electrons  per  hr  per  mg  chlorophyll 

isotonic 

Hypotonic 

0. 4  M 

6.  ^5  M 

0.  015  Jd  BMllum  dkloriile 

Fraction 

Sucrose 

Sodium  Chloride 

and  0.  04  M  Sucrose 

Whole 

66.4 

190.0 

60.4 

Chloroplasts 

C^-s 

113.  2 

98.0 

110.0 

^^1-20 

93.5 

82.0 

145.  5 

^**20-105 

46.6 

2.  2 

130.7 

^®‘l05-145 

52.  6 

CF^  s  chloroplast  fragmenta ,  ultrasonicated. 


6.  Effect  of  the  Supernatant 

Since  there  is  a  time  differential  of  several  hours  between  the  isolation 
and  fragmentation  of  intact  chloroplasts  and  the  isolation  of  the  last  centrifuged 
fraction  in  any  given  experiment,  it  was  necessary  to  determine  the  effect  of 
exposure  of  particles  to  the  supernatant  suspension.  The  test  was  performed 
by  resuspending  an  amount  of  the  highly  active  fraction,  CF20-50>  C^145 

supernatant.  The  control  was  resuspended  in  dilute  saUne.  After  20  to  24  hr 
of  storage  in  the  cold  under  these  conditions ,  the  Hill  reaction  was  measured 
and  found  to  be  about  40%  lower  in  the  aliquot  exposed  to  the  supernatant.  A 
similar  experiment  indicated  that  less  inhibition  occurred  in  the  smaller  particles 
of  the  CF 105- 145  fraction. 

B.  Function  auid  Particle  Sise 


1.  Rate  of  Photoactivity 

The  photosynthetic  activity  of  each  of  the  fractions  was  assayed  by  mea¬ 
suring  electron  transfer  and  oxygen  evolution.  Fractions  isolated  and  resus¬ 
pended  in  0.  015  M  sodium  chloride  were  tested  7  and  24  hr  after  isolation  of  in¬ 
tact  chloroplasts.  The  pH  of  the  suspensions  was  6.  2  to  6. 4.  Table  4  shows 
the  correlation  between  oxygen  evolution  and  electron  transfer  activity. 
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Table  4 


COMPARISON  OF  ELECTRON  TRANSFER  AND  OXYGEN  EVOLUTION 


Electrons  Transferred, 
pmoles  per  hr  per  mgm  chlorophyll 

Oxygen  Evolved , 

1(1  per  hr  per  mgm  chlorophyll 

Fraction 

THr 

Z4TIr 

THr 

Z4TIr 

• 

0 

0 

92 

72 

380 

438 

CFo.i 

86 

^**1-20 

105 

^**20-50 

138 

157 

522 

563 

^**50-70 

81 

453 

^**50- 105 

74 

60 

410 

^*'105-145 

75 

^*'l45spt 

28 

CFj^g^^  s  supernatant  from  the  105. 145  ^'i^ction. 


The  data  demonstrate  that  the  fractions  remaned  stable  for  the  test  period. 
This  is  in  direct  contrast  to  the  results  of  Thomas, who  reported  decay  of  acti* 
vity  upon  storage.  Oxygen  evolution  parallels  the  pattern  observed  for  electron 
transfer.  The  highest  activity  was  found  in  the  CFgO-SO  fraction.  Lower  acti> 
vi^  is  observed  in  all  fractions  isolated  at  centrifugal  forces  greater  than  50  x 
10^  g.  The  establishment  of  these  points  after  mamy  tedious  hours  of  experi¬ 
mentation  has  laid  the  groundwork  for  all  subsequent  studies  and  will  serve  as 
a  baseline  for  studying  the  structural  and  the  chemical  changes  responsible  for 
the  activity  differentiid. 

2.  Effects  of  Chloride  and  Phos^diate  Anions 

Jagendorf  and  Krogmann  have  shown  that  whole  chloroplasts  isolated  in 
0. 4  to  0.  5  M  sucrose  meditun  and  diluted  with  0.  35  M  sodium  chloride  at  pH 
6.  3  have  an  electron  transfer  activity  5  to  10  times  that  for  whole  chloroplasts 
in  sucrose  alone.  The  effect  has  not  been  clearly  defined,  but  is  thought  to 
be  related  to  oermeability  and  an  uncoupling  of  Hill  activity  from  photophos- 
fdiorylation.  ^  Clendenning  has  studied  activities  of  whole  chloroplasts  and 
"grana"  preparations  of  various  plants  and  has  shown  specific  reqidrements 
lor  and  specific  effects  of  anions  on  photoactivity.  ^  His  studies  idso  revealed 
a  time -course  effect.  Gibbs  and  Calo  demonstrated  an  optimal  concentration 
range  of  phosphate  for  carbon  dioxide  fixation  in  udiole  cUorofdasts;  outside 
the  optimum  range  phosphate  was  shown  to  have  adverse  effects  and  the  mea¬ 
sured  reaction  was  minimised. 
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As  a  result  of  these  and  other  reported  studies  it  became  important 
to  better  define  the  ionic  conditions  for  storing  and  assaying  fragment  pre> 
parations ,  to  determine  optimal  conditions  for  each  fraction ,  and  thus  to 
assure  that  activity  changes  were  real.  The  effects  of  long-  and  short-term 
exposure  of  cluuiges  in  ionic  conditions  were  examined  at  different  sodium 
chloride  levels  by  storing  fragments  in  either  0.  35  or  0.  015  M  sodium  chloride 
prior  to  assay  and  then  assaying  in  solutions  of  various  salt  levels.  Table  5 
demonstrates  the  experimental  results. 


Table  5 


EFFECT  OF  SODIUM  CHLORIDE  ON  PHOTOACTIVITY 


Sodium  Chloride 
Concentration,  M 


Fraction 

Storage 

Solution 

Assay 

Solution 

CFo. 

0.015 

0.015 

0.060 

0.35 

0.015 

0.015 

0.060 

0.35 

C^l.50 

0.  35 

0.015 

0.  35 

^**50- 105 

0.015 

0.015 

0.060 

0.  35 

^**50- 105 

0.35 

0.015 

0.  35 

^**105-145 

0.015 

0.015 

0.060 

0.35 

^*'105-145 

0.  35 

0.015 

0.  35 

Electrons  Transferred, 
umoles  per  hr  per  mg  chlorophyll 
3-4  Hr*  ZO  hr* 


70 

68 

79 

47 

94 

70 

139 

171 

111 

131 

89 

100 

206 

58 

83 

42 

60 

97 

97 

59 

135 

113 

109 

62 

70 

22 

96 

66 

103 

54 

108 

111 

84 

42 

56 

37 

*Time  of  storage. 
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The  rate  of  decay  of  particles  stored  in  0.  35  M  sodium  chloride  was , 
in  general ,  greater  and  more  variable  tiian  that  of  similar  particles  stored 
in  the  dilute  saline  solution.  While  there  appeared  to  be  some  stimulatioa  of 
the  larger,  more  active  particles  (CFj.go)  stored  in  0.  35  M  sodium  chloride, 
this  effect  was  not  as  pronounced  in  the  smaller  less  active  particles.  The 
advantage  of  activation ,  however ,  is  overshadowed  by  the  disadvantage  of  the 
increas^  decay  rate  over  a  20 -hr  period.  Therefore,  maintenance  in  tiie 
dilute  salt  solution  is  preferred. 

High  levels  of  sodium  chloride  in  the  assay  solution  appeared  to  en¬ 
hance  the  activity  of  small  particle  fractions  (CF50. 105  ^^105-145) 

inhibit  the  activity  of  the  large  fragments  (CFi.go)  umen  the  storage  solution 
was  dilute  saline  but  not  when  the  storage  solution  was  0.  35  Id  saline.  This 
effect  must  be  explored  further. 

To  account  for  the  fact  that  the  conditions  for  optimal  activity  of  small 
and  large  particles  are  different,  a  structural  and/or  chemical  alteration  is 
assumed.  That  a  chemical  difference  existe  is  pointed  out  in  Section  JVC- 1. 

Table  6  shows  the  effect  on  broken  chloroplast  fractions  of  short  expo¬ 
sure  to  various  levels  of  phosphate  in  the  assay  solution.  In  both  tiie  hi|^y 
active  fraction  CFj.so  and  the  less  active  fraction  CF50-105  ^  pattern  of 
effect  was  similar.  At  certain  low  levels  of  phosphate  the  ahility  to  transfer 
electrons  upon  Illumination  decreased  significantly.  Above  or  below  these 
levels ,  activity  again  increased.  A  clear  exolanation  of  this  characteristic 
dip  cannot  be  made.  Jagendorf24  Good^^  have  reported  specific  effects 
of  cations  and  anions  on  potassium  ferricyanide  reduction  in  the  Ifill  reaction. 
Such  effects  were  found  to  stimulate  or  suppress  the  reaction  in  whole  chloro- 
plasts.  Specific  concentration  ranges  which  resulted  in  decreased  activity 
were  described.  On  either  side  of  theee  levels  hi|^r  activity  occurred. 

These  peculiar  responses  to  ionic  changes  appear  to  be  reproducible  under 
carefully  controlled  conditions.  The  effect  is  a  fact;  an  interpretation  of  the 
effect  is  not  possible  at  this  time. 

C.  Chemistry  and  Function 

1.  Protein  Determinations  and  Chlorophyll;Protein  Ratios 

The  data  in  Table  7  indicate  the  averaged  chlorophyll rprotein  nitrogen 
ratios  obtained  frdm  a  number  of  experiments.  Total  chloro^yll  was  mea¬ 
sured,  i.  e.  ,  the  sum  of  chlorophylls  a  and  b.  The  ratio  between  the  two  chloro¬ 
phylls  in  spinach  chloroplasts  is  abouF  3:1.  ~^gure  5  shows  a  typical  absorption 
spectrum  in  80%  acetone  of  total  extracted  chloroplast  pigments ;  the  chlorophyll 
a  and  b  absorption  maxima  are  also  indicated.  Wliether  both  these  chlorophylls 
are  functional  in  the  photosynthetic  mechsudem  is  unknown.  Consequently,  ^e 
total  chlorophyll  concentration  is  assayed  and  used  in  calculations  and  in  the  con¬ 
struction  of  nxMlels. 
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Table  6 


EFFECT  OF  PHOSPHATE  ON  PHOTOACTIVITY 


Fraction 


Phosphate  Concentration, 


ELectrons  Transferred, 
hr 


^The  assay  diluent:  0. 05  M  phosidiate  and  0.  015  M  sodium  chloride. 
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TYPICAL  ABSORPTION  SPECTRUM  OF 
CHLOROPLAST  PIGMENTS. 


Table  7 


CHLOROPHYLL:PROTEIN  RATIOS 


Fraction 

Weight  Ratio  of 
Chlorophyll  to 
Protein  Nitrogen 

Maos  Ratio  of 
Chlorophyll  to 
Protein^ 

Protein  in 

Molecular  Weight  Units 
per  Chlorophyll  Molecule^ 

Homogenate 

0.  21 

0. 0336 

26.800 

C*-os 

0.76 

0.  121 

7,450 

CJ-Q-l 

1.02 

0.  163 

5,500 

1.39 

0.  223 

4,040 

CJ-1.20 

1.  57 

0.  251 

3,590 

^**20- 50 

1.27 

0.  201 

4,480 

^*"50-70 

0.98 

0.  157 

5,730 

^^50-105 

0.78 

0.  125 

7,200 

^*‘70- 145 

0.41 

0.066 

13,600 

^*’105-145 

0.38 

0.  061 

14,750 

^®'l45spt 

0.044 

0.  077 

128,000 

Protein  calculated  by  multiplying  protein  nitrogen  by  6.  25. 
^Average  molecular  weight  of  chlorophyll  taken  aa  900. 


Measurement  of  the  protein  nitrogen  content  does  not  take  into  account 
the  obvious  possibility  that  onlycertain  proteins  in  a  preparation  are  actually 
associated  with  the  functional  chlorophyll  molecules.  In  practice  total  nitrogen 
is  measured  and  a  correction  is  made  for  the  nitrogen  content  of  chlorophyll  to 
obtain  an  estimate  of  protein  nitrogen.  Consequentty,  the  results  presented  should 
be  considered  as  approximations  until  sufficient  information  is  obtained  udiich  might 
permit  a  more  precise  definition  of  the  relationships  between  the  chemistry,  the 
activity ,  and  the  configuration  of  components  in  a  basic  photosynthetic  unit. 
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Th«  chloroiAyll:proteia  ratios  of  isolated  fractions  of  broken  chloro- 
plasts  reveal  an  increase  from  the  value  in  CF^g  to  CFj.20  **^<1 
crease  (Table  7).  The  greatest  ratio  of  chlorophyll tproteir  is  not  in  the  frac¬ 
tion  of  optimal  activity.  Possibly  the  specific  chloro^yll;protein  ratio  in 
CF20-50  responsible  for  the  high  activity  of  the  fraction. 

Depending  upon  the  molecular  weight  assumed  for  the  protein,  the 
mol.  c  ratio  of  cUorophyll;protein  in  active  chloroplasts  is  generally  con¬ 
sidered  to  be  between  1:1  snd  4:1.  Compiled  data  of  chloro^ylltproteln 
mass  ratios  show  values  ranging  from  0.  053  to  0.  33.  26,32  calculated 
mass  ratio  for  CFqs,  which  is  equivalent  to  a  whole  chloroplast  preparation, 
falls  within  this  range;  the  ratio  is  0.  121  (Table  7). 

Mass  ratios  are  used  to  calculate  the  molecular  weight  of  protein  as¬ 
sociated  with  one  chlorophyll  molecule.  By  assuming  an  average  molecular 
weight  for  the  typical  protein,  a  hypothetical  chlorophyll:protein  macromole- 
cular  complex  can  be  calculated.  This  technique  was  api^ed  to  the  CF2O-50 
fraction  by  making  the  assumption  that  the  average  protein  molecular  weight 
is  10,000.  From  column  4  of  Table  7  it  can  be  seen  that  the  molar  ratio  of 
chlorophyll: protein  will  thus  be  about  2.  In  other  fractions  the  ratio  will  be 
either  greater  or  less  than  this  value.  Relationships  of  fids  nature  do  not  in¬ 
dicate  the  true  weight  of  a  protein  molecule  nor  do  they  prove  the  existence 
of  a  basic  fdiotosynthetic  unit.  They  are  of  value ,  however ,  in  permitting  a 
theoretical  correlation  of  photoactivity  with  particle  sise  and  chlorophyll- 
protein  organisation. 

2.  Plastoquinone 

Plastoquinone  has  been  implicated  in  the  electron  transfer  process  in 
photosynthesis  chiefly  through  Bishop's  experimental  work  on  chloroplasts.  7 
When  Ae  quinone  was  extracted  photoactivity  was  inhibitediiand  when  the  ex¬ 
tracted  material  was  reintroduced  the  system  was  reactivated.  Whether  the 
quinone  is  present  and  active  in  specific  chloroplast  fragments  was  not  de¬ 
monstrated.  With  this  in  noind ,  the  following  exploratory  experiments  were 
undertaken. 

By  following  a  modified  technique  for  the  "wet"  extraction  of  plasto¬ 
quinone  ,  a  chloroplast  suspension  in  0.  25  M  sucrose-phosphate  buffer  was 
shaken  1  to  2  hr  with  4  volumes  of  isooctane.  The  suspension,  centrifuged 
at  1  X  10^  g,  separated  into  three  layers.  The  epiphase  contained  fite  yel¬ 
low  organic  solvent,  the  aqueous  hypophase  contained  green  particles  com¬ 
posed  of  intact  and  fragmented  chloro^asts  and  aggregates ,  and  the  inter¬ 
face  layer  container  particulate  matter  similar  in  appearance  to  the  hypo- 
phase  particles.  These  layers  were  separated  and  dried  by  lyophilisaition. 
The  dried  particulate  phases  were  resuspended  in  the  sucrose  buffer  and 
illuminated.  Electron  transfer  activity  was  then  measured.  Similarly 
dried  but  unextracted  chloroplasts  served  as  the  control. 
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Th*  ertracted  particlaa  exhibited  about  twice  the  activity  of  the  con¬ 
trols,  in  contrast  with  Bishop's  results.  The  addition  of  a  naeasured  amount 
of  the  dried  epiphase  extract  in  alcoh^,  calculated  to  replace  the  amount  of 
material  which  had  been  extracted,  did  not  influence  activity.  The  total  a- 
moust  of  plastoquinone  which  had  iMen  extracted  was  calculated  (from  the 
equation  in  Section  IHE)  to  be  only  11%  of  the  theoretical  expectation.  No 
clear-cut  explanation  for  the  apparent  activation  can  be  given  at  present. 

The  possibilities  were  considered  that  the  isooctane  extraction  had 
been  carried  out  for  an  insufficient  period  of  time  or  fiiat  another  solvent 
might  be  more  effective.  The  extracted  particles  exhibiting  increased  acti¬ 
vity  were  therefore  pooled  and  again  dri^.  One  aliquot ,  serving  as  the  con¬ 
trol  ,  was  resuspended  in  the  sucrose  buffer.  A  second  aliquot  was  reextracted 
with  isooctane,  separated,  and  again  dried  and  resuspended  in  buffer.  A  third 
aliquot  was  extracted  with  petroleum  ether  and  subsequently  treated  like  the 
second  aliquot.  That  the  particles  had  lost  activity  due  to  the  relatively  rough 
treatment  they  had  received  was  evident  from  their  low  specific  activities. 
There  was  an  indication,  however,  fiiat  reextraction  with  eifiier  of  file  or¬ 
ganic  solvents  was  inhiUtory,  although  the  low  activities  made  the  results 
somevdiat  questionable.  These  ei^riments  naust  be  repeated  wifil  a  de¬ 
creased  time  factor  before  the  results  can  be  interpreted. 

3.  Cytochromes 

Several  attempts  were  made  to  extract  a  c-type  cytochronse  from  dl- 
gitonin  extracts  of  chloroplasts  according  to  a  mefiik^  previously  developed 
for  Eu^ena.  The  isolation  of  the  c-t]^  cytochrome,  cytochrome  f,  from 
spinach  chloroplasts  has  been  reported.  nie  expectation  that  it  be 

found  in  a  digitonin  extract  is  based  on  the  hypothesis  that  the  cytochmme 
plays  an  integral  role  in  photosyathetic  oxidation- reductions  which  have  been 
reported  to  occur  in  such  extracts.  17,30 

In  all  cases  spectral  absorption  scans  gave  negative  results.  The  fail¬ 
ure  to  identify  the  cytodirome  by  Ae  procedure  which  was  employed  does  not 
preclude  its  presence.  The  fdant  cytochrome^  may  be  sufficiently  chemically 
specific  as  to  not  be  amenable  to  extraction  by* the  method  developed  for 

Assays  of  oxygen  liberation  from  digitonin  eatracts ,  aimed  at  verifying 
the  pbotoactivlty  observed  by  others ,  have  proved  inconcludve  in  fim  few  trial 
experiments  attempted  thus  far. 

O.  Artificial  Photosynthetic  Systems 

Whether  there  is  a  specific  structural  requirement  for  fiM  phe¬ 

nomenon  of  photosynthesis  is  debatable,  la  the  natural  system  the  lamellsted 
organelle,  the  chloroplast,  is  fiM  photoactive  center.  However,  photoactivity 
has  been  shown  to  occur  in  structureless ,  uniform  suspensiens  from  digitonia- 
extracted  chloroftaste.  17*m  Based  on  Ms  work,  stuAes  were  nsade  of  dig¬ 
itonin  extracts  of  chloroplasts  and  of  dried,  layered  chloroplast  systems. 
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1.  Digitonin  Extrmcf 

Digitonin  is  a  non-ionic  detorgont  which  has  been  successfully  used 
by  others  to  extract  a  photoactive  complex,  chloroplastin ,  from  chloroplasts. 

In  our  experiments  isolated  spinach  chloroplasts  were  treated  overnight  at 
room  temperature  in  the  dark  with  2%  digitonin  in  0.  35  M  sodium  chloride. 

The  extract  was  clarified  by  centrifugation  at  20  x  10^  g  for  30  min  in  the  cold, 
and  aliquots  containing  0.  02  to  0.  03  mgm  of  chlorophyll  per  ml  were  tested 
lor  electron  transfer  activity.  The  extract  showed  1/100  the  activity  of  the 
unextracted  whole  chloroplasts.  The  specific  activity,  though  very  low,  was 
still  measurable  but  of  doubtfiil  significance.  OxyMn  evolution  was  too  low 
to  be  measurable  by  the  standard  manometric  memod. 

These  experiments  were  performed  in  the  absence  of  added  cofactors 
of  photosynthesis ,  in  the  manner  of  all  previous  experiments  performed  under 
this  program.  The  positive  physiological  activity  noted  by  otifors  was  only  in 
the  presence  of  added  cofactors.  Additional  studies  will  necessary  to  as¬ 
certain  the  value  and  significance  for  photosynthetic  studies  of  a  nonstructured 
extract  of  chloroplasts. 

2.  Layered  Chloroplasts 

As  a  first  approximation  of  a  structured  artificial  photosynthetic  sys¬ 
tem,  the  photoactiWty  of  a  layer  of  dried  chloroplasts  was  tested.  This 
seemed  feasible,  since  French  et  al.  have  demonstrated  fitat  chloroplasts 
maintain  file  aUlity  to  transfer  electrons  after  being  dried  and  Arnold  and 
his  associates  have  shown  that  both  dried  chloroplasts  and  bacterial  chro- 
matophores  are  photoconductive. 

In  the  experimental  procedure ,  1  ml  of  a  chloroplast  suspension  with 
a  predetermined  concentration  of  1  mgm  of  chlorophyll  per  nol  was  painted  on 
the  surface  of  a  length  of  Visking  dialysis  tubing  designed  to  accept  a  mono- 
layer  of  chloroplasts  when  completely  covered  with  the  suspension.  The  films 
were  air-dried  and  stored  in  a  desiccator.  The  end  of  the  painted  dialysis 
sack  was  tied  off  and  oxidant  (potassium  ferricyanide)  in  phosidiate  buffer  was 
introduced  into  the  tube.  The  open  end  was  tied,  and  the  sacks  were  shaken 
for  5  min  in  the  dark  or  under  illumination  supplied  by  four  15-watt  "cool  white" 
fluorescent  tubes.  In  addition  to  the  dark  control,  one  lacking  oxidant  and  one 
not  coated  with  chloroplasts  were  used.  Chloroplasts  were  rinsed  from  the  out¬ 
side  of  the  dialysis  tubing  after  the  illumination  period  but  before  the  reaction 
solution  was  removed.  This  procedure  effectively  halted  the  reactiOB.  The 
solution  was  fiien  assayed  according  to  the  method  of  Jagendorf  and  Krogmann.  23 

In  the  controls  without  a  chloroplast  film  or  without  oxidant  present ,  no 
change  in  optical  density  at  5 10  mp  occurred ,  indicating  fiiat  no  electrons  had 
been  axchangad.  The  illuminated  and  dark  experiments  both  displayed  increased 
absorption,  indicating  Aat  transfer  of  alectrans  across  the  sanalparmsiable  dialysis 
membrane  had  taken  place.  The  apparent  activity  in  the  dark  is  assumed  to  have 
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resulted  from  an  excessively  high  concentration  of  chlorophyll,  which  could 
have  responded  to  the  dim  room  lij^t  during  the  experimental  procedure.  The 
lack  of  a  significant  difference  between  the  li|^  and  the  dark  samples  may 
have  been  due  to  the  total  reduction  of  the  add^  oxidant  in  both  casos.  Con¬ 
sequently,  higher  oxidant  levels  or  lower  chlorophyll  concentrations  seem 
necessary  in  future  experiments. 


V.  THEORY  AND  CONCLUSIONS 


The  problem  of  duplicating  a  complex  structure  whose  original  con¬ 
struction  was  not  observed  and  for  which  a  blueprint  is  not  available  can  be 
approached  in  two  ways;  (1)  observe  a  similar  structure  or  machine  in  the 
process  of  its  manufacture,  or  (2)  tear  down  the  original  piece  by  piece  and 
painstakingly  reconstruct  it  at  each  step  of  the  procedure  to  assure  that  the 
original  structural  and  functional  integrity  is  regained.  The  latter  approach, 
which  is  being  employed  in  this  study,  places  three  requirements  upon  the  in¬ 
vestigator;  (1)  that  he  obtain  all  the  available  pertinent  scientifilc  facts,  (2) 
that  he  consider  the  ideas  of  his  contemporaries ,  and  (3)  that  he  use  his 
imagination.  These  factors  must  be  constantly  reevaluated ,  placed  in  their 
proper  perspective ,  and  reorganiBed  into  a  concept  of  the  whole  structure 
which  can  be  eventually  experimentally  tested. 

The  classical  report  of  Thomas  et  al.  relating  particle  size  to  photo¬ 
activity  in  fragments  of  spinach  chloroplasis  indicates  that  particles  about 
75  A  in  diameter  are  the  smallest  particles  expected  to  ret^n  activity,  while 
the  "critical  particle,"  almost  twice  as  large,  exhibits  about  55%  of  ^e  photo¬ 
activity  of  the  control.  ^1  Whereas  Thomas  calculates  that  the  critical  particle 
could  contain  about  100  molecules  of  chlorophyll  in  a  monolayer  on  its  surface, 
we  calculate  that  about  200  chlorophylls  can  be  accommodated. 

If  the  critical  particle  is  considered  to  be  a  protein-chlorophyll  macro- 
molecular  complex  of  the  approximate  size  of  Fraction  I  protein,  a  200 -A  x 
100-A  oblate  spheroid  according  to  Park  and  Pon,31  should  theoretically 
be  coated  with  a  chlorophyll -liidd  monolayer  over  only  one-half  of  its  surface, 
as  shown  in  Fig.  6.  Since  the  surface  area  is  twice  that  of  Thomas'  particle, 

400  chlorophylls  can  be  located  on  it,  but  only  200  on  the  upper  half- surface. 

The  volume  of  ^s  article ,  calculated  from  the  formula  for  an  oblate  spheroid , 
would  be  2  X  10^  A^,  which  is  about  twice  the  volume  of  Thomas '  critical  frag¬ 
ment.  If  the  molec^ar  weight  of  the  protein  portion  of  the  pigment  complex  is 
assumed  to  be  10 , 000 ,  each  fully  hydrated  molecule  would  occupy  a  volume  of 
1.  6  X  10^  A3.  These  calculations  are  based  on  a  postulated  composition  of  80 
amino  acids ,  each  7  A  to  8  A  in  height  and  4  A  to  5  A  in  diameter  arranged  as 
a  folded  accordion-chain  or  helix  in  an  oblate  spheroid  shape  of  40  A  in  diameter 
and  20  A  in  height.  The  oblate  spheroid  configuration  of  the  macromolecule  can 
then  be  ascribed  to^the  shape  of  the  component  protein  molecules  and  their  in- 
termolecular  bonding. 

The  chlorophyll -lipid-protein  complexes  may  involve  different  proteins, 
or  some  of  the  protein  may  not  be  complexed  at  all.  Either  supposition  would 
explain  the  estimate  that  200  to  400  chlorophylls  are  associated  with  a  single 
cytochrome.  15,21  since  only  one  of  the  proteins  in  the  macromolecule  need 
be  a  cytochrome ,  applying  the  latter  proposition  it  could  be  centrally  located 
to  act  an  an  "energy  trap"  fed  by  the  200  surface  chlorophylls. 

For  the  sake  of  simplicity  in  visualising  the  model,  each  protein  mem¬ 
ber  can  be  thought  of  as  having  the  assumed  average  size ,  shape ,  and  molecular 
wei|^.  With  room  in  the  Fraction  1  protein  xnacromoleci^e  for  a  30-A  pigment- 
lipid  surface  layer ,  easily  75  but  not  more  ttan  100  protein  molecules  womd  fit. 
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Thus  the  presumed  chlorophyll:protein  ratio  of  2  derived  from  the  mass  ratio 
(Table  7)  and  the  assumed  molecular  weight  would  be  fulfilled. 

By  Implying  the  same  reasoning  to  the  composition  of  Thomas '  particle , 
about  50  proteins  would  fill  its  volume,  thus  also  preserving  the  postulated  ratio 
of  2.  The  weights  of  each  of  these  macromolecules ,  calculated  from  the  number 
of  proteins  and  chlorophylls  with  some  allowance  for  other  components ,  would 
range  from  0.  5  x  10^  to  1.  25  x  10^.  These  estimates  are  in  close  agreement 
with  the  report  of  Smith36  for  the  weight  of  chlorojdiyll-holochrome ,  a  particle 
extracted  from  chloroplasts ,  which  is  considered  by  many  investigators  to  re¬ 
present  a  basic  photosynthefic  unit. 

Considering  the  data  from  this  report  in  the  design  of  the  photosynthetic 
model,  two  points  must  be  kept  in  mind;  (1)  the  particles  with  optimal  activity 
are  estimated  to  be  about  0.  15  pi.(1500  A)  in  diameter  (Table  1);  (2)  the  chloro- 
phylltprotein  molar  ratio  is  approximately  2;  1.  On  the  assumption  that  this 
type  of  particle  represents  a  small  cylinder  broken  from  a  double  lamellar 
disc,  as  if  cut  by  a  cork-boring  tool,  a  cross  section  would  reveal  an  upper 
and  a  lower  chlorophyll -lipid  surface.  Each  30-A-thick  layer  is  attached  to 
the  outer  surface  of  a  pair  of  overlapping  Fraction  I  protein  globules  (Fig.  6). 
The  top  and  bottom  surface  areas  of  the  i500-A-diameter  cylinder .  calculated 
from  the  formula  for  the  area  of  a  circle,  are  each  about  1.  6  x  lOo  A2.  The 
surface  area  which  would  be  occupied  by  each  Fraction  I  protein  is  about  4  x 
10^  A^.  Therefore  about  40  of  these  protein  units  per  surface ,  or  a  total  of 
80  units  containing  1.  6  x  10^  chlorophyll  molecules,  would  make  up  the  1500- 
A-di«meter  active  particle.  Tentatively  this  unit  can  be  considered  the  optimal 
functional  unit  for  Hill  activity,  composed  of  80  basic  structural  units. 

Similarly,  180  of  the  130-A-diameter  critical  particles^ ^  could  make 
up  the  optimal  functional  unit.  Since  each  of  these  particles  is  layered  with 
100  chlorophylls,  the  1500-A-diameter  unit  would  have  1.  8  x  10^  chlorophyll 
molecules. 

Either  particle  can  fit  the  required  conditions.  However,  the  measured 
dimensions,  shape,  and  weight  of  the  oblate  spheroid  model^^  and  the  presumed 
ratio  of  chlorophyll  to  cytochrome  which  cannot  be  met  by  the  130-A-spherical 
particle  point  to  the  former  as  the  model  of  choice  at  present.  Until  the  intra¬ 
molecular  organisation  of  this  Fraction  I  protein  is  known,  its  acceptance  as  a 
basic  unit  renoains  conditional.  Experimental  evidence  of  the  existence  of  such 
a  structure  and  knowledge  of  its  design  are  essential  to  solving  the  problem  of 
building  a  photosynthetic  system. 
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Figure  6 

LAMELLAR  MODEL  OF  SPINACH  CHLOROPLAST 
SHOWING  OBLATE  SPHEROID  PROTEIN  MACROMOLECULES 

(After  Park  and  Pon^^) 


a  -  Pigment-lipid  layer,  60  A  thick 
b  -  Protein  layer ,  100  A  thick 
c  -  Pigment -lipid  layer,  30  A  thick 


28 


REFERENCES 


1.  Arnold,  W.  and  H.  Sherwood.  "Are  Chloroplaets  Semi-Conductore  ?" 

Proc.  Natl.  Acad.  Sci.  U.S.  ,  Vol  43,  pp  105-114,  1957. 

2.  Arnold,  W.  and  H.  K.  Maclay.  "Chloroplaets  and  Chloroplaet  Pigments 
as  Semiconductors , "  Brookhaven  Symposia  in  Biology,  No.  11,  pp  1-9, 

1958. 

3.  Arnold,  W.  and  R.  Clayton.  "The  First  Step  in  Photosynthesis;  Evidence 
for  Its  Electronic  Nature,"  Proc.  Natl.  Acad.  Sci.  U.S.  ,  Vol  46,  pp  769- 
776,  1960. 

4.  Amon,  D.  I.  "Copper  Ensymes  in  Isolated  Chloroplasts ,  Polyphenoloxidase 
in  Beta  vulgaris,"  Plant  Physiol.  ,  Vol  24:1,  pp  1-15,  1949. 

5.  Arnon,  D.  I.  ,  M.  B.  Allen,  and  F.  R.  Whatley.  '*Photosynthesis  by  Isolated 
Chloroplasts.  IV.  General  Concept  and  Comparison  of  3  Photochei^cal 
Reactions,"  Biochim.  et  Biophys.  Acta,  Vol  20,  pp  449-461,  1956. 

6.  Benoit,  R.  J.  ,  F.  Trainor,  and  A.  Bialecki.  Selection  of  an  Alga  for  a 
Photosynthetic  Gas  Exchanger,  WADD-TR-60- 163,  31  pp,  February  I960. 

7.  Bishop,  N.  I.  "Vitamin  K,  an  Essential  Factor  for  the  Photochemical 
Activity  of  Isolated  Chloroplasts , "  Proc.  Natl.  Acad.  Sci.  U.S.  ,  Vol  44, 
pp  501-504,  1958. 

8.  Clendenning ,  K.  A.  and  P.  R.  Gorham.  "Anionic  Stimulation  of  the  Hill 
Reaction  in  Isolated  Chloroplasts,"  Arch.  Biochem.  and  Biophys.  ,  Vol  37, 
pp  199-223,  1952. 

9.  Crane,  F.  L*.  Personal  communication,  1961. 

10.  Crane,  F.  L>.  ,  C.  Widmer,  Y.  HateB,  and  R.  L.  Lester.  "Studies  in  the 
Electron  Transport  System.  XV.  Coensyme  Q  (Q275)  *nd  the  Succinoxidase 
Activity  of  the  Electron  Transport  Particle,"  Biochim.  et  Biophye.  Acta, 
Vol  31,  pp  476-489,  1956. 

11.  Crane,  F.  L.  'Isolation  of  Two  Quinones  with  Coenzyme  Q  Activity  from 
Alfalfa,"  Plant  Physiol.  ,  Vol  34,  pp  546-551,  1959. 

12.  Crane,  F.  L.  and  K.  S.  Ambe.  "Studies  on  the  Electron  Transport  System. 
XXVI.  Specificity  of  Coenzyme  Q  and  Coenzyme  Q  Derivatives,"  Biochim. 
et  Biophys.  Acta,  Vol  43,  pp  30-40,  1960. 

13.  Crane,  F.  L.  ,  B.  Ehrlich,  and  L.  P.  Kegel.  "Plastoquinohe  Reduction  in 
Illuminated  CUoroplasta , "  Biochem.  Biophys.  Res.  Commun.  ,  Vol  3, 

pp  37-40,  1960. 


I 


29 


14.  Crane ,  F.  L.  "Isolation  and  Characterization  of  the  Coenzyme  Q 
(Ubiquinone)  Group  and  Plastoquinone , "  CIBA  Symposium  on  Quinones 
in  Electron  Transport,  pp  36-75,  1960. 

15.  Davenport,  H.  E.  and  R.  Hill.  "The  Preparation  and  Some  Properties 
of  Cytochrome  f,"  Proc.  Roy.  Soc.  B,  Vol  139,  pp  327-345,  1952. 

16.  Eisler,  M.  and  L.  Portheim.  "Uber  Fallungsreaktion  in  Chlorophyll- 
und  anderen  Farbstoffldsungen, "  Biochem.  Z.  Vol  130,  pp  497-532,  1922. 

17.  Eversole,  R.  and  J.  J.  Wolken.  "Photochemical  Activity  of  Digitonin 
Extracts  of  Chloroplasts , "  Science ,  Vol  127,  pp  1287-1288,  1958. 

18.  French,  C.  S.  ,  A.  S.  Holt,  R.  D.  Powell,  and  A.  C.  Anson.  "The 
Evolution  of  Oxygen  from  Illuminated  Suspensions  of  Frozen,  Dried, 
and  Homogenized  Chloroplasts,"  Science ,  Vol  103,  pp  505-506,  1946. 

19.  Gibbs,  M.  and  N.  Calo.  "Studies  on  Carbon  Dioxide  Fixation  by  Chloro¬ 
plasts.  The  Effect  of  Arsenite  and  Other  Factors,"  Biochim.  et  Biophys. 
Acta,  Vol  44,  pp  341-347,  1960. 

20.  Good,  N.  E.  "Uncoupling  of  the  Hill  Reaction  from  Photophosphorylation 
by  Anions,"  Plant  Physiol.  Proc.  (Suppl. )  Vol  36,  pXI,  1961. 

21.  Gross,  J.  A.  and  J.  J.  Wolken.  "Two  c-Type  Cytochromes  from  Light- 
and  Dark-Grown  Euglena,"  Science ,  Vol  132,  pp  357-358,  I960. 

22.  Jagendorf ,  A.  T.  "Oxidation  aiul  Reduction  of  Pyridine  Nucleotides  by 
Purified  Chloroplasts,"  Arch.  Biochem.  and  Biophys.  ,  Vol  62,  pp  141- 
150,  1956. 

23.  Jagendorf,  A.  T.  and  D.  W.  Krogmann.  "A  Spectrophotometric  Assay 
of  the  Hill  Reaction  with  Ferricyaiiide , "  Plant  Physiol.  ,  Vol  32,  pp  373- 
374,  1957. 

24.  Jagendorf,  A.  T.  "Characteristics  of  ATP  Formation  by  Chloroplasts , " 

Symposium  on  Photosynthesis ,  Am.  Soc.  Plant  Physiol.  Souttiem  Sect.  , 
pp  i7-'34  ,~  miV - - - 

25.  Jagendorf ,  A.*  T.  and  D.  W.  Krogmann.  "Comparison  of  Ferricyanide 
and  2,3',6-Trichlorophenol  Indophenol  as  iUll  Reaction  Oxidants,"  Plant 
Physiol.  Vol  34,  pp  277-282,  1959. 

26.  Kupke,  D.  W.  and  C.  S.  French.  "Relationship  of  Chlorophyll  to  Protein 
and  Lipoids;  Molecular  and  Colloidal  Solutions.  Chloro^yll  Units.  " 
Encyclopedia  of  Plant  Physiology,  Vol  V,  pp  298-322,  19M. 


30 


27.  Leech,  R.  M.  end  R.  J.  Ellie.  "Coprecipitation  of  Mitochondria  and 
Chloroplaete , "  Nature ,  Vol  190,  pp  790-792,  1961. 

28.  Lester,  R.  L.  and  S.  Fleischer.  "Studies  on  the  Electron  Transport 
System.  XXVII.  The  Respiratory  Activity  of  Acetone -Extracted  Beef- 
Heart  Mitochondria.  Role  of  Coenzyme  Q  and  Other  Lipids , "  Biochim. 
et  Biophys.  Acta,  Vol  47,  pp  358-377,  1961. 

29.  MacKinney,  G.  "Absorption  of  Light  by  Chlorophylls , "  J.  Biol.  Chem. 

Vol  140,  pp  315-322,  1941. 

30.  Nieman,  R.  H.  and  B.  Vennesland.  "Cytochrome  c  Photoxidase  of 
Spinach  Chloroplasts , "  Science ,  Vol  125,  pp  353-354,  1957. 

31.  Park,  R.  B.  and  N.  G.  Pon.  "Correlation  of  Structure  with  Function 

in  Spinacea  oleracea  Chloroplasts,"  J.  Molecular  Biol.  ,  Vol  3,  pp  1-10, 
1961: 

32.  Rabinowitch,  E.  I.  Photosynthesis ,  Vol  I,  Chap  14,  Interscience  Publishers, 
New  York,  1945. 

33.  Rodrigo,  F.  A.  Experiments  Concerning  tike  State  of  Chlorophyll  in  the 
Plant,  Dies.  Utreclu ,  Netherlands ,  Uitgeverji  Excelsior ,  Hague , 
ppT^4,  1955. 

34.  San  Pietro ,  A.  and  H.  M.  Lang.  "Photo synthetic  Pyridine -Nucleotide 
Reductase,"  J.  Biol.  Chem.  ,  Vol  231,  pp  211-229,  1958. 

35.  Sapozhnikov,  D.  I.  and  T.  G.  Maslova.  "The  State  of  Chlorophyll  in 
Leaves  of  Green  Plants,"  Trans.  Botan.  Inst.  A.  N.S.8.8, R.  ,  Ser  IV, 

Vol  11,  pp  97-115,  1956  (Russian^. 

36.  Smith,  J.  H.  C.  "Protochloroidkyll  Transformations ,"  in  hf.  B.  Allen, 

Comparative  Biochemistry  of  Photoreactive  Systems,  Chap  16,  Academic 
Prgss,TTewTor'k,  1960"'  - ' - 

37.  Spikes ,  J.  D.  "Potential  Changes  in  Suspensions  of  Chloroplasts  on  Il¬ 
lumination, "  Arch^_Biochem^_jmd_Bio^^.  ,  Vol  28,  pp  48-67,  1950. 

38.  Spikes,  J.  O.  "Stoichiometry  of  the  Photolysis  of  Water  by  lUamiiiated 

Chloroplast  Fragments,"  Arch.  Biochem.  and  Biophys.  ,  Vol  35,  pp  101- 
109,  1952.  - 

39.  Spikes,  J.  D.  and  H.  Xyring.  ’'Photosynthesis,"  Ann.  Rev.  Plant  Physiol.  , 

Vol  5,  pp  271-340,  1954.  - - 

40.  Thomas,  J.  B.  ,  M.  Bustraan,  and  C.  H.  Paris.  "On  the  Structure  of  tike 
Spinach  Chloro|^st,"  Biochim.  et  Biophys.  Acta,  Vol  8,  pp  90-100,  1952. 


31 


41.  Thomas,  J.  B.  ,  O.  H.  Blaauw,  and  L.  N.  M.  Duysans.  "On  the 

Relation  between  Siee  and  Photochemical  Activity  of  Fragments  of 
Spinach  Grana,"  Biochim.  et  Blophye.  Acta,  Vol  10,  pp  230-240, 
1953.  -  - 

42.  Vishniac,  W.  "Light-Dependent  Reductions  in  a  Cell-Free  System," 
Research  in  Photosynthesis ,  pp  285-287,  Interscience  Publ.  ,  1957. 

43.  Willits,  C.  O.  ,  C.  L.  Ogg,  and  M.  R.  Coe.  "XJeldahl  Determination 

of  N  in  Refractory  Material,"  J.  Assoc.  Offic.  Agr.  Chemists,  Vol 
32,  pp  118-126,  1949.  -  - - 


32 


